In an attempt to isolate bacteria with inhibitory effects against settlement by larvae of sessile invertebrates, 40 marine bacterial isolates were screened for effects against laboratory-reared barnacle larvae (Balanus amphitrite) and ascidian larvae (Ciona intestinalis). Five isolates displayed non-pH-dependent inhibitory effects against the larvae. The initial characterization of a toxic component released from an isolate, designated D2 (CCUG 26757), and its effect on laboratory-reared barnacle and ascidian larvae were studied. D2 is a facultative, anaerobic, gram-negative bacterium isolated from the surface of C. intestinalis from waters off the Swedish west coast at a depth of 10 m. Results suggest that the toxic component is released by D2 during the stationary phase. Aged biofilms were more toxic to the larvae than unaged films. The biologically active compound was in the supernatant of D2 and was heat stable and <500 Da in molecular mass. No evidence of protein or peptide moieties was found. On the basis of two phase and chromatography separations, the component is polar and neutral and contains or binds to carbohydrate moieties. Metaperiodate treatment increased toxicity; undiluted supernatant from a 24-h growth culture of D2 killed barnacle and ascidian larvae within a few hours of exposure, whereas after metaperiodate treatment, the larvae were killed in approximately 30 min.
Barnacle and tunicate larvae in the settling stage of their life cycle respond to stimulatory (13, 23, 24) and inhibitory (12) external signals. Biochemical cues adsorbed to surfaces as well as those free in solution serve to transmit specific information in marine environments. Such cues are important in the settlement, attachment, and metamorphosis of sessile marine invertebrates (3, 17, 24) . Chemical compounds that affect the settling have been isolated both from within the species (9, 10) and from other organisms (1, 22) . Pheromones released from living adult Balanus spp. have been reported to mediate aggregation by settling larvae (18) . Adult barnacle peptides affect the behavior and induce metamorphosis of larvae in the settling stage (26) .
Of settlement-inhibitory compounds, those from octocorals are among the best understood. All known such compounds effective against barnacle settlement that have been purified are diterpenoids. At least six unique diterpenoids that prevent barnacle settlement have been characterized. These include renillafoulins a and b (8) ; pukalide, epoxypukalide, and 20-OH pukalide from Leptogorgia virgulata (6) ; and several juncellins. These compounds are effective at nanogram-per-milliliter or lower concentrations (21) .
Surfaces colonized by bacteria can serve as a source of regulatory signals for larval settlement (2, 27) . Whether the larvae require contact with the bacterial film or may sense soluble cues released from the film has not been determined for most bacterial species identified as producers of regulatory signals. A study by Fitt et al. (4) found that supernatants from Alteromonas colwelliana and Vibrio cholerae affected oyster larvae (Crassostrea gigas) in the same way as when the larvae were exposed to the neurotransmitter precursor L-3,4-dihydroxyphenylalanine (L-DOPA).
In this study, we show that the supernatant from the marine isolate D2 contains a substance that inhibits settlement and kills the larvae of Balanus amphitrite and Ciona * Corresponding author.
intestinalis. These organisms are frequent colonizers of man-made surfaces immersed in seawater. The inhibitory bacterium was isolated from the surface of the attachment organ of an adult C. intestinalis. The mode of action, formation, and initial characterization of the inhibitory component are presented here.
MATERIALS AND METHODS
Larvae. C. intestinalis larvae were prepared as described previously (25) . Adult Ciona specimens were collected in the Gullmarsfjorden on the Swedish west coast at a depth of 25 to 30 m. They were then stored in a 500-liter aquarium with seawater at 5°C. All seawater used in this study was collected at the Kristineberg Marine Biological Laboratory at the Gullmarsfjorden on the Swedish west coast or at Duke University Marine Laboratory and was passed through a 100,000-Da filter. B. amphitrite larvae were reared in mass culture from spawnings of laboratory brood stock (19) at the Duke University Marine Laboratory. Both nauplius (feeding stage) and cypris (settling stage) larvae were used in the test assays, which were performed at both Duke University Marine Laboratory and the University of Goteborg. The day of transformation from the sixth nauplius stage to the cyprid was considered day 0. Cyprids were stored at 4°C until the day of use. Toxicity and settlement assays followed the protocols described by Rittschof et al. (20) .
Bacteria. Marine bacteria were used in the larval attachment experiments. They were isolated from rock surfaces at various depths and from adult C. intestinalis after colony formation of the marine medium VNSS agar (15) . Bacteria were grown in VNSS and stored in 50% glycerol ampoules at -70°C. The isolate D2 (CCUG 26757), which was used in detailed larva-inhibitory experiments, is a dark-green-pigmented bacterium. D2 was isolated from an adult C. intestinalis collected from waters off the Swedish west coast. It is Growing biofilms for larval attachment assays. Biofilms were produced by adding 25 ml of the growth medium (VNSS) to petri dishes, which were inoculated with 0.1 ml of overnight cultures of the individual strains. After 24 h, the supernatant was poured off and the biofilm on the dish was washed three times with 20 ml of artificial seawater (NSS) prior to the larval attachment assay. The number of attached bacteria on surfaces was determined microscopically. For assessing the effect of exposure of the larvae in the bacterial supernatant assays, the bacterial cultures were grown for 24 h in petri dishes and the supernatant was poured off and centrifuged at 15 heat treatment for 10 min at 80°C in order to remove the peptidase activity before the suspensions were mixed with the larval suspensions.
RESULTS
Supernatant experiment. The initial screening for bacteria with inhibitory effects on larval attachment and viability was done with 40 bacterial isolates from different marine surfaces (Table 1) . Ten of these isolates showed a toxic effect on the C. intestinalis larvae in that a significant number or all of larvae were dead after 24 h of exposure to the undiluted nonfractionated supernatant. However, five of these inhibitory isolates had an antagonistic effect as a result of a reduction in pH. The remaining five isolates with non-pHdependent inhibitory effects against larval viability and attachment originated from all three surface sampling sites (Table 1) .
Growing biofilms. After 12 h, the bacterium D2 formed a surface layer consisting of 1.75 x 107 attached bacteria per cm on the polystyrene petri dishes. By 24 h, a confluent monolayer was obtained. Three-day-old cyprids settled at a frequency of 1.1% to a 12-h-old biofilm, while no larvae (0%) were observed attached to 24-and 48-h-old biofilms. By 144 h, however, the degree of attachment was the same as that on unfilmed control surfaces on which 33% attached larvae were observed ( Table 2 ). The bacterial cell density varied Pressure dialysis. The D2 supernatant that passed through a 500-Da-cutoff filter was still toxic against larvae, although a decrease in its inhibitory effect was observed. The dilution series of the supematant prior to exposure to barnacle larvae showed that nonfractionated supernatant can be diluted fourfold without a reduction in the rate at which nauplius and cypris larvae lose viability. Fractionated supernatants can be diluted twofold and still display 100% activity towards the barnacle larvae. While further dilution of the supernatants reduced the toxicity effect (Table 3 ), the highest dilution tested, 1:99, still reduced larval viability to a significant extent. This was the case for both unfractionated and fractionated supernatants. The redissolved residue of the 500-Da-cutoff filter was found not to affect the larvae in terms of viability or any other visible phenotypic characteristic (Table 4) .
Ion-exchange chromatography experiments. The results of ion-exchange chromatography experiments showed that the toxic component did not bind to either the cation or the anion exchanger (Table 4 ). The samples (1 ml) applied to both the anion-and cation-exchange absorption chromatography columns were fractionated. A full inhibitory effect against both Ciona and Balanus larvae was seen in the eluate, the main part of which was eluted in the first 1 ml.
Methylene chloride extraction. The residues of the aqueous and methylene chloride phases were redissolved in 10 ml of filtered seawater and transferred to petri dishes. The exposure of the methylene chloride resuspension to the barnacle larvae had no effect on larval viability or attachment, and it is concluded that the methyl chloride extract did not contain the toxic component. A full inhibitory effect, as measured by the percentage of both viable and attached larvae, was obtained by exposing the larvae to the aqueous supernatant extract (Table 4 
DISCUSSION
The cypris larvae of barnacles and the tadpole larvae of C. intestinalis respond to both stimulatory (11, 23, 25) and inhibitory (7) This study demonstrates that a significant fraction of bacteria on surfaces in the natural environment may produce components that inhibit the attachment of barnacle and tunicate larvae. Of 40 bacterial strains isolated from different marine surfaces, 5 strains were found to produce extracellular inhibitory components that are released from biofilms. These components inhibit and/or kill the larvae in the suspension above the biofilm in a non-pH-dependent manner. Interestingly, the relatively high frequency of such inhibitory strains supports the notion that bacterium-larva interactions may occur frequently in the natural environment (2, 11, 28) . High frequencies of stimulatory bacterial isolates have been reported previously (13, 14) . It should also be pointed out that bacterial strains with inhibitory action against invertebrate larvae could be isolated from the surface of an adult specimen of the invertebrate organism. It is tempting to speculate that adult animals thus prevent settlement of larvae of the same and possibly other species of sessile invertebrates.
One of the five inhibitory bacterial strains was analyzed in more detail with respect to formation and nature of the larva-inhibitory component. Most of the experiments performed on this bacterium and its extracellular component included assays of the response by larvae of both B. amphitnte and C. intestinalis. It (16) .
Both the non-size-fractionated and the fractionated cell-free suspensions became significantly more toxic to the larvae after metaperiodate treatment (Table 5 ). Other studies have presented evidence of the complex arrangement of surfacelocalized molecules that affect the settlement and metamorphosis of invertebrate larvae (11) . Szewzyk et al. (25) demonstrated that the exopolysaccharide of marine Pseudomonas sp. strain S9 influences settlement of tadpole larvae of C. intestinalis. The attachment of larvae of the polychaete Janua brasiliensis has been suggested to be mediated by larva-derived lectinlike substances that bind to receptors in the exopolysaccharide layer of the bacterial biofilm of D. marina (11) . Furthermore, Maki et al. (13) (13) concluded that bacterial density is an important factor and that no inhibitory effects by the bacteria on larval attachment were observed at cell densities of <107/cm2. They observed that aging of the bacterial films resulted in a decrease in the percentage of attached larvae. These experiments were performed with D. manna films on polystyrene surfaces. The biofilm used in this study secretes the inhibitory component into the medium. Stationary-phase biofilms were more inhibitory to larval attachment than 12-h-old biofilms of approximately the same number of bacterial cells. This suggests that the inhibitory component is synthesized and/or released as the bacterial cells enter the stationary phase.
It is noteworthy that the inhibitory low-molecular-weight component is highly toxic to larvae. A relatively low number of cells grown for 24 h, i.e., 2.54 x 107 bacteria per cm2, is sufficient to produce a bacterial supernatant that kills as many as 50 larvae in a 4-ml suspension in <3 h. Unfractionated and fractionated samples can be diluted 100-fold and still kill all B. amphitnte larvae within 22 h. This test was only performed with larvae of B. amphitnte.
Our present experimental efforts are directed at the identification and structural analysis of the inhibitory component. We have also begun exploring the possibility of immobilizing cells of the marine bacterial isolate D2 in polymers that are used for coating surface test panels immersed in situ in marine waters. The use of biological rather than chemical means to reduce macrofouling of man-made surfaces in marine systems is an attractive possibility.
